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A photonic cluster state with a tree-type entanglement structure constitutes an efficient resource
for quantum error correction of photon loss. But the generation of a tree cluster state with an
arbitrary size is notoriously difficult. Here, we propose a protocol to deterministically generate
photonic tree states of arbitrary size by using only a single quantum emitter. Photonic entanglement
is established through both emission and re-scattering from the same emitter, enabling fast and
resource-efficient entanglement generation. The same protocol can also be extended to generate
more general tree-type entangled states.
Photons are unique qubits in quantum technologies.
They are immune from thermal noise at room temper-
ature, capable of long-distance transmission, and barely
interact with each other. These properties make them
ideal in quantum communication [1–3] and quantum
networking [4, 5]. While the lack of photon-photon
interactions makes them less appealing in gate-based
quantum computing, optical quantum computers can be
constructed using a cluster state based model, known
as “measurement-based quantum computation” [6, 7].
This model offers tremendous advantages for optical im-
plementations since high-fidelity single-qubit gates and
detectors can be realized with mature photonic de-
vices [8, 9].
A major obstacle in all these applications is the loss of
photons during transmission, either in a quantum com-
munication channel or in a delay line of an optical quan-
tum computer. Imperfect quantum efficiency of single
photon detectors can also be accounted as loss. Pho-
ton loss poses an exponential tradeoff between repeater-
less quantum communication rate and distance [10], as
well as a fundamental limit on the scalability of an op-
tical quantum computer. It is thus essential to develop
resource-efficient error correction methods that can deal
with loss fault-tolerantly [11–13].
One such approach is to encode a qubit in a highly-
entangled multi-photon cluster state, such as a tree clus-
ter state [14, 15]. The built-in redundancy in the tree-
structure entanglement enables indirect measurement of
a qubit even when a subset of the photons in the tree
is lost [14]. Unfortunately, generating a multi-photon
entangled state with such a complicated entanglement
structure is extremely challenging. Standard approaches
rely on pairwise fusion gates to grow entangled photon
pairs into a multi-photon cluster state [16–18]. The prob-
abilistic nature of the fusion gates leads to a tremendous
overhead on the required resources and a slow genera-
tion rate (∼mHz for 10-photon entanglement with state-
of-the-art experiments [19]). To overcome this challenge,
Lindner and Rudolph presented a deterministic proto-
col to generate multi-photon entangled states through
sequential emission of photons from a single quantum
emitter [20], but photons emitted in this process can only
be entangled in the form of a one-dimensional chain. In-
spired by this work, Buterakos et al. proposed a protocol
that can sequentially emit photons into a repeater graph
state with the help of an ancillary matter qubit [21].
While the same protocol can be extended to generate
a tree cluster state, it requires as many ancillary matter
qubits as the depth of the tree, along with the capabil-
ity to perform two-qubit entangling gates between the
quantum emitter and all the ancillary qubits. This de-
manding requirement limits the scale of the tree state
that one can generate experimentally. In addition, since
the entangling operation between the ancillary matter
qubit and the quantum emitter is typically much slower
than optical processes, the large number of entangling
gates significantly reduces the generation rate of the tree
state and the repeater graph state. In fact, it has been
recently shown that the slow entangling operation be-
tween the matter qubits is the dominant limiting factor
for the performance of the cluster state based all-optical
quantum repeaters [22].
In this Letter, we propose a new protocol to deter-
ministically generate a photonic tree state using only a
single quantum emitter. The emitter is strongly coupled
to a chiral waveguide that has a mirror at one end im-
plementing a delayed feedback. The entanglement struc-
ture is thus established through both sequential emission
of photons from the quantum emitter and re-scattering
of photons following the delayed feedback, enabling fast
and resource-efficient generation of the tree cluster states.
While a similar scheme has been proposed to generate
projected entangled pair states [23], our proposal for the
first time shows the capability to generate complex aperi-
odic entanglement structures with a simple delayed feed-
back. We also analyze our protocol under realistic er-
ror models and show that the protocol is robust against
typical errors associated with its potential experimental
platforms. Our proposal paves the way towards the real-
ization of all-optical quantum repeaters [12, 13, 17] and
loss-tolerant optical quantum processors [11].
Figure 1(a) shows the schematic setup we propose to
generate the photonic tree state. It consists of a single
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FIG. 1. (a) The schematic setup to generate a photonic tree
cluster state with an arbitrary size. The inset shows the
energy-level structure of the quantum emitter. (b, c) The left
panels illustrate the effects of the E gate (b) and the CZ gate
(c) applied on the joint emitter-photon quantum state. The
right panels show the pulse sequences required to implement
the E gate (b) and the CZ gate (c). The color of each block
in the pulse sequence is used to indicate the optical transition
[also color labeled in panel (a)] on which the rotation pulse is
applied.
quantum emitter (labeled S), a chiral waveguide, and a
distant mirror placed at one end of the waveguide. For
concreteness, we assume the emitter has an energy level
structure as shown in the inset of Fig. 1(a). It consists
of three meta-stable ground states, labeled as |g0〉, |g1〉,
and |g2〉. The states |g0〉 and |g1〉 form a stable qubit
(|0〉s ≡ |g0〉 and |1〉s ≡ |g1〉), which can be coherently
manipulated with a classical field Ω1(t). The state |g2〉
serves as an ancillary memory state used in the gener-
ation of time-bin encoded photons as will be explained
next. The population of this state can be coherently
prepared from the state |g1〉 with another classical field
Ω2(t). The quantum emitter also consists of two opti-
cally excited states |eL〉 and |eR〉. Both excited states
can decay into the ground state |g1〉 while emitting a
photon into the waveguide. We assume the couplings
between the emitter and the waveguide are chiral, such
that the transitions |g1〉 ↔ |eL〉 and |g1〉 ↔ |eR〉 cou-
ple only to the left- and right-propagating modes of the
waveguide, respectively. Such chiral couplings have been
experimentally demonstrated across a number of atomic
systems [24]. We assume that we can drive the emitter
into the excited state |eL〉 from the ancillary ground state
|g2〉 with an optical laser Ω3(t).
We encode each photonic qubit in the time-bin basis
consisting of two possible temporal modes well separated
from each other. Specifically, we denote the presence of
a photon in the earlier and later temporal modes as |1〉p
and |0〉p respectively. The time-bin encoding is uniquely
suitable for long-distance quantum communication [25],
as it is robust to depolarization errors and also allows for
the detection of photon losses.
We first introduce the two elementary gates required to
implement our protocol, the E gate and the controlled-Z
(CZ) gate. The left panel in Fig. 1(b) illustrates the ac-
tion of the E gate on the joint emitter-photon quantum
state. An E gate generates a new photon that inherits the
state of the quantum emitter, while resetting the state of
the quantum emitter to |1〉s. Mathematically, the trans-
formation of the E gate can be written as (α |0〉s |ψ0〉r +
β |1〉s |ψ1〉r) |vacuum〉p → (α |0〉p |ψ0〉r+β |1〉p |ψ1〉r) |1〉s,
where s, r, and p represent the states of the emitter, the
rest of the photons that are already emitted which may
be entangled with the emitter, and the newly-generated
photon respectively. The right panel in Fig. 1(b) shows
the pulse sequence required to implement the E gate. By
successively applying two pi-pulses of Ω2(t) and Ω3(t),
the emitter can be excited to state |eL〉 and emits a left-
propagating photon into the early time-bin if it is ini-
tially in state |g1〉, while left unchanged if in |g0〉. We
next apply a pi-pulse of Ω1(t) to swap |g0〉 and |g1〉, and
repeat the process to generate a left-propagating photon
into the later time-bin if the emitter is initially in state
|g0〉. A second pi-pulse of Ω1(t) is used to make sure that
the emitter is reset to |g1〉 regardless of its initial state.
Figure 1(c) shows the action of the CZ gate on the joint
emitter-photon quantum state, along with the required
pulse sequence for its realization. The CZ gate is applied
between the emitter and a photon reflected from the mir-
ror. To implement the CZ gate, we apply a pi-pulse of
Ω2(t) in the middle of the earlier and later time-bin, and
another 3pi pulse of Ω2(t) after the later time-bin. There-
fore, if the photon is in the state |1〉p (earlier time bin),
it will pick up a pi phase shift if the emitter is initially
in the state |g1〉 due to the strong coupling between the
transition |g1〉 ↔ |eR〉 and the right-propagating mode
of the waveguide [26, 27], but no phase shift if the emit-
ter is initially in the state |g0〉. A photon in state |0〉p
(later time bin) will always transmit with no phase shift
since the emitter can only be in state |g0〉 or |g2〉 during
the later time bin. The 3pi-rotation in the second Ω2(t)
pulse, instead of a pi-rotation, avoids accumulation of a pi
geometric phase between the emitter states |g0〉 and |g1〉.
We now describe our protocol using a specific case of
a tree with a depth of 3 and branching parameters of
b0 = b1 = b2 = 2. We follow the same definition of
branching parameters as Ref. [14]. Our protocol gen-
erates photons from the bottom of the tree to the top,
as shown by the graph representation of the procedure
in Fig. 2. We start with the emitter prepared in state
|+〉s = 1√2 (|0〉s + |1〉s). By continuously applying the E
gate and a (−pi/2) spin rotation along the y-axis of the
Bloch sphere for 8 times, we generate 8 photons that are
all in the state |+〉p = 1√2 (|0〉p + |1〉p) [see Fig. 2(a)].
These photons will constitute the bottom layer of the
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FIG. 2. Graph representation of the procedure for generating
a tree with branching parameters b0 = b1 = b2 = 2.
tree. The 8 photons will travel sequentially in the left-
propagating mode of the waveguide until they are re-
flected by the mirror. For each reflected photon, we ap-
ply a CZ gate when the photon arrives at the emitter.
Since both the emitter and the photon is in the super-
position state, the CZ gate entangles the emitter and
the photon. Therefore, after the first two photons pass
through the emitter, the emitter will be entangled with
both photons as shown in Fig. 2(b). Before the 3rd pho-
ton arrives at the emitter, we apply an E gate to generate
a new photon (the 9th photon) into the left-propagating
mode of the waveguide. This E gate will transfer the
state of the emitter into the 9th photon and reset the
emitter to state |1〉s. Thus the 9th photon becomes the
parent node of the photons 1 and 2, and the emitter is
detached from this sub-tree [see Fig. 2(c)]. A follow-
up (−pi/2)-rotation along y-axis on the emitter will pre-
pare the emitter back to the |+〉s state again. Repeating
the same procedure for another three times will gener-
ate three more subtrees as shown in Fig. 2(d). Up to
now, the photons 1-8 have passed through the emitter
in the right-propagating mode and will no longer inter-
act with the emitter, whereas the photons 9-12 are in
the left-propagation mode of the waveguide and will be
reflected back to the emitter. Following the same proce-
dure, we will again entangle the emitter with both the
photons 9 and 10 through two sequential CZ gates ap-
plied when they arrive at the emitter, and transfer the
emitter state into another newly generated photon (the
13th photon) through an E gate. Repeating this proce-
dure one more time will generate two larger subtrees as
shown in Fig. 2(e). Lastly, we will repeat the same pro-
cedure for the last time and generate the root node of the
tree using an E gate (photon 15), which also decouples
the emitter from the whole tree.
We now formalize our protocol for generating a general
tree state with a depth of d and branching parameters
{b0, b1, · · · , bd−1}. The sequence of operations can be
described as follows:
|ψtree〉 =
d∏
j=1
nd−j∏
k=1
eipi4 Y E bd−j∏
l=1
CZS,
∑j−1
m=0 nd+1−m+(k−1)bd−j+l
(eipi4 Y E)nd |+〉s , (1)
where nl =
∏l−1
i=0 bi is the number of photons in the l-th
level of the tree. CZS,i represents a CZ gate applied on
the emitter S and the i-th generated photon.
While we described our protocol using a specific sys-
tem consisting of a multi-level atom coupled to a chiral
waveguide, it is worth noting that neither the specific
atomic level structure nor the chiral coupling is essen-
tial to the realization of our protocol. Our protocol can
be realized with any coherent atom-photon interface pos-
sessing a large enough cooperativity, along with a delayed
feedback. In Supplemental Materials [28], we show how
we can use a cavity QED device with a simple II-type
and Λ-type atom to implement our protocol. Such a cav-
ity QED system has been realized by a number of atomic
systems including trapped Rb atoms [35], semiconductor
quantum dots [36, 37], and diamond color centers [38].
We now discuss the robustness of our protocol against
typical errors during the tree state generation. One of
the dominant errors in any photon generation process is
the internal photon loss, which in our scheme may re-
sult from emission or rescattering of photons into the
bath other than the waveguide mode due to the finite
cooperativity, absorption during photon transmission in
the waveguide, and partial reflection from the end mir-
ror. While the external loss is quantum error correctable
due to the tree-type encoding, the internal loss may lead
to uncorrectable errors since it happens before the tree
entanglement is fully established. Following the proof
shown in Ref. [14], we can show that the internal loss can
be indeed corrected in the same way as the external pho-
ton loss. This is fundamentally because the attempted
CZ gate operates as an identity operation when a photon
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FIG. 3. (a) The effective error probability of the logic qubit
encoded by the tree as a function of the tree size (the total
number of photons in the tree). We assume a single-photon
loss probability of ε = 0.1 in this calculation. The blue circles
represent the case where tcoh → ∞, and the orange squares
represent the case where tcoh/tph = 10
4. (b) The optimized
value of εeff as a function of single photon loss probability and
coherence-time-bandwidth product.
is lost internally. Therefore, our protocol is loss resilient
as long as the total loss is below the quantum error cor-
rection threshold of 50% [14]. As an example, we consider
a specific application of performing an arbitrary single-
qubit measurement on the tree-encoded logic qubit. We
define the effective error probability εeff as the probabil-
ity that this measurement yields an incorrect result. The
blue circles in Fig. 3(a) show the value of εeff as a func-
tion of the total number of photons in the tree [28], with
a single-photon loss probability of ε = 0.1. The effective
error probability decreases exponentially with the tree
size and can eventually approach 0 given a large enough
tree.
While we can in principle overcome the photon loss
by generating a large enough tree, in practice the size of
the tree we can generate is limited by the finite coherence
time of the emitter qubit. The orange squares in Fig. 3(a)
show the effective error probability εeff when we consider
a finite emitter coherence time of tcoh/tph = 10
4 [28],
where tcoh is the coherence time of the emitter qubit,
and tph is the time allocated to a single-photon qubit.
We have kept the same single-photon loss rate of ε = 0.1
in the calculation. As we can see from Fig. 3(a), when the
tree size is small, the effective error probability is nearly
identical with the value under infinite emitter qubit co-
herence time (blue circles), since the probability of emit-
ter decoherence during the tree-state generation is neg-
ligible. However, as we keep increasing the tree size,
the effective error probability tapers off and starts to in-
crease, indicating that error caused by the emitter deco-
herence during the tree-state generation starts to dom-
inate. Thus, given a qubit coherence time and single-
photon loss rate, there is an optimized value of εeff that
we can achieve by varying the tree size.
Figure 3(b) shows the optimized value of εeff at differ-
ent system parameters. In this calculation, we vary both
the single-photon loss rate ε and the emitter qubit co-
herence time tcoh [28]. We normalize tcoh in terms of the
inverse of the bandwidth of the CZ gate, γR, which is the
waveguide modified linewidth of transition |g2〉 ↔ |eR〉.
As we can see, a small single-photon loss rate and a large
coherence-time-bandwidth product tcohγR are needed to
achieve a small εeff. To qualitatively identify the use-
ful regime of εeff, we consider a specific application of
using tree states to implement one-way quantum re-
peaters [17, 18, 39]. We assume that we distribute the
quantum repeater nodes one in every 1 km. Thus, to
achieve a reasonable communication rate over 1000 km
requires the effective error probability of each link to be
less than ∼ 10−3. In addition, this effective error proba-
bility has to be achieved with a minimum single-photon
loss rate of ε = 0.05, corresponding to the absorption loss
in a 1-km-long optical fiber. The dashed line in Fig. 3(b)
denotes the parameter regime where εeff = 10
−3, and the
solid line shows the condition where ε = 0.05. Thus, to
achieve εeff < 10
−3 while ε > 0.05 requires a coherence-
time-bandwidth product exceeding 109. This parame-
ter regime can be possibly achieved upon reasonable im-
provements by using a single silicon-vacancy color center
coupled with a photonic crystal cavity (γR ∼ 2pi × 10
GHz [40] and tcoh ∼ 10 ms [41]), or a single trapped
atom strongly coupled with a fiber Fabry-Perot cavity
(γR ∼ 2pi × 100 MHz [42] and tcoh ∼ 1 s [35]). It may
also be possible to use a strongly coupled quantum dot
and nano-cavity (γR ∼ 2pi × 80 GHz [43]) to reach this
parameter regime, if one can improve its spin coherence
time to ∼ 2 ms (currently it is ∼ 4 µs [44]).
In conclusion, we have proposed and analyzed a pro-
tocol for deterministic generation of tree-type photonic
cluster states using only a single quantum emitter. Our
protocol can generate a tree state with an arbitrary size
and depth without any probabilistic fusion gates or an-
cillary matter qubits, which significantly reduces the re-
source overhead required for the entanglement genera-
tion. The protocol is also robust to typical errors in re-
alistic experiments and is within reach upon reasonable
improvements of quantum photonics technologies.
One of the most important features of our protocol
is that it can be widely applicable to a large range of
tree-type photonic cluster states that are useful for all-
optical quantum repeaters, such as the repeater graph
states [17, 18] and the tree-encoded repeater graph
states [18] (see Supplemental Materials for details [28]).
Thus, an important future work is to perform quanti-
tative rate-distance tradeoff and resource cost analysis
of our scheme in the application of different all-optical
quantum repeater protocols by accounting for all possi-
ble losses, bit-flips, and dephasing errors, and systemati-
cally compare its performance with existing cluster state
generation schemes. Overall, our results constitute an
important scheme for aperiodic 2D cluster state genera-
tion with feasible resources, and pave the way towards the
realization of loss-tolerant one-way optical quantum com-
puters [11] and all-optical quantum repeaters [12, 13, 17].
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Deterministic Generation of Loss-Tolerant Photonic Cluster States with a Single
Quantum Emitter: Supplemental Materials
Yuan Zhan and Shuo Sun
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S1. ALTERNATIVE EXPERIMENTAL IMPLEMENTATIONS OF THE PROPOSED PROTOCOL
In the main text, we described our protocol using a specific system consisting of a multi-level atom coupled to a
chiral waveguide. It is worth noting that neither the specific atomic level structure nor the chiral coupling is essential
to the realization of our protocol. Our protocol can be realized with any coherent atom-photon interface possessing
a large enough cooperativity, along with a delayed feedback. Figure S1 shows the schematic setup of two possible
implementations of our protocol using a cavity QED device with an atom possessing a simple II- [Fig. S1(a)] or Λ-type
[Fig. S1(b)] energy level structure. A reconfigurable optical element is used to implement the delayed feedback, which
can be either a switchable mirror in free-space optics [Fig. S1(a)] or phase-tunable Mach-Zehnder interferometers in
integrated photonics [Fig. S1(b)].
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FIG. S1. Alternative experimental implementations of our protocol using a cavity QED device with an atom possessing a simple
II- (a) or Λ-type (b) energy level structure. The delayed feedback is induced through either a switchable mirror in free-space
optics (a) or phase-tunable Mach-Zehnder interferometers in integrated photonics (b).
In the setup shown in Fig. S1(a), an atom with a II-type energy level structure is coupled to a single-sided cavity.
The atom has two ground states |0〉s and |1〉s, and two excited states |eL〉s and |eR〉s. Only transitions |0〉s ↔ |eL〉s
and |1〉s ↔ |eR〉s are optically allowed. For concreteness of discussion, we assume that the polarizations of the
two transitions are orthogonal, given by σ+ and σ− respectively. In this case we can use the polarization basis to
encode the photonic qubit (|0〉p ≡ |σ+〉 and |1〉p ≡ |σ−〉). Alternatively, we can also slightly detune the transitions
|0〉s ↔ |eL〉s and |1〉s ↔ |eR〉s, and encode the photonic qubit under the frequency-bin basis. We assume each
of the two transitions couples to a mode of an optical cavity. In the case of the orthogonal polarization selection
rule described above, the cavity needs to be polarization degenerate. To implement the E gate, we first pump the
emitter using a pi-pulse of Ω2(t) with a polarization (|σ+〉+ |σ−〉), which drives the two transitions |0〉s ↔ |eL〉s and|1〉s ↔ |eR〉s simultaneously with an equal Rabi frequency. This operation transforms the emitter-photon system from
the state (α |0〉s |ψ0〉r +β |1〉s |ψ1〉r) |vacuum〉p to the state (α |eL〉s |ψ0〉r +β |eR〉s |ψ1〉r) |vacuum〉p, where s, r, and p
represent the states of the emitter, the rest of the photons that are already emitted, and the newly-generated photon
respectively. Following the spontaneous emission, the state is transformed to (α |0〉s |0〉p |ψ0〉r + β |1〉s |1〉p |ψ1〉r). We
next apply a σx measurement on the emitter, which leaves the system in state (α |0〉p |ψ0〉r + β |1〉p |ψ1〉r) |+〉s if the
measurement outcome is +, while in state (α |0〉p |ψ0〉r − β |1〉p |ψ1〉r) |−〉s if the measurement outcome is −. In the
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2latter case, we can re-interpret the basis of the newly generated photon as |0〉p ≡ |σ+〉 and |1〉p ≡ − |σ−〉, so that the
resulting state of the photon is always (α |0〉p |ψ0〉r + β |1〉p |ψ1〉r). We also need to apply an additional pi rotation on
the emitter qubit to reset it back to the |+〉s state. These operations together realize the E gate, which generates a
new photon that inherits the state of the emitter qubit. To implement the delayed feedback and the CZ gate, we use
a polarizing beam splitter (PBS) to split the two polarization components of the photonic qubit to different spatial
modes, and redirect only the |1〉p wavepacket back to the cavity for re-scattering by using a switchable mirror. Upon
rescattering, the |1〉p photonic wavepacket picks up no phase shift if the emitter is in state |1〉s, and a pi phase shift
if the emitter is in state |0〉s, which realizes the CZ gate between the photon and the emitter qubit. We switch off
the mirror when the |1〉p component of the photonic qubit arrives for the second time, and recombine it with the |0〉p
component at a second PBS before the photon exits the setup.
In the setup shown in Fig. S1(b), an atom with a Λ-type energy level structure is coupled to a single-sided
nanophotonic cavity. The atom has two ground states |0〉s and |1〉s and an excited state |e〉s. We assume that
only the transition |0〉s ↔ |e〉s is optically allowed and couples to the cavity. We encode the photonic qubit
under time-bin basis, where the earlier and later time bins are encoded as |0〉s and |1〉s respectively. To imple-
ment the E gate, we first pump the emitter with a pi-pulse of Ω2(t), which transforms the emitter-photon state
from (α |0〉s |ψ0〉r + β |1〉s |ψ1〉r) |vacuum〉p to (α |e〉s |ψ0〉r + β |1〉s |ψ1〉r) |vacuum〉p. Following the spontaneous emis-
sion, the state is transformed to (α |0〉s |0〉p |ψ0〉r + β |1〉s |vacuum〉p |ψ1〉r). We then apply a pi-pulse of Ω1(t) to
swap the two ground states, transforming the system into the state (α |1〉s |0〉p |ψ0〉r + β |0〉s |vacuum〉p |ψ1〉r). Fol-
lowing another pi-pulse of Ω2(t) and spontaneous emission, the state of the system is transformed into the state
(α |1〉s |0〉p |ψ0〉r + β |0〉s |1〉p |ψ1〉r). Finally, we apply a σx measurement on the emitter to disentangle it from the
photons as described in the case of Fig. S1(a). To implement the delayed feedback and the CZ gate, we employ a pair
of phase-tunable Mach-Zehnder interferometers to guide the photonic wavepacket in the earlier time bin (|1〉p) back
to the cavity. Upon re-scattering, the |1〉p photonic wavepacket picks up a pi phase shift when the emitter is in the
state |1〉p, but no phase shift when the emitter is in the state |0〉p, which realizes a CZ gate between the photon and
the emitter qubit. We reset the phase between the two Mach-Zehnder interferometers to guide this wavepacket to the
output when it arrives for the second time, so that the CZ gate is only applied once on each photon. We note that
the feedback line introduces an extra delay between the earlier and later time-bin wavepackets of the same photonic
qubit. This delay can be counteracted by sending the output to another phase-tunable Mach-Zehnder interferometer
setup.
S2. CALCULATIONS OF EFFECTIVE ERROR PROBABILITY
A. Effective error probability with a perfect emitter qubit
The blue circles in Fig. 3(a) show the effective error probability εeff as a function of the tree size. Recall that εeff
is defined as the probability that an error occurs when performing a single qubit measurement on the tree-encoded
logic qubit. With a perfect emitter qubit, the effective error probability is equal to the effective loss probability of
the logic qubit, εloss, given by [S1]
εeff = εloss = 1− [(1− ε+ εR1)b0 − (εR1)b0 ](1− ε+ εR2)b1 , (S1)
where {b0, · · · , bd−1} are the branching parameters of the tree, d is the depth of the tree, and Rl is the success
probability of performing an indirect σz measurement on a level-l photon, given by
Rl = 1− [1− (1− ε)(1− ε+ εRl+2)bl+1 ]bl for l < d, (S2)
and Rd = Rd+1 = 0, bd = 0.
B. Effective error probability under limited coherence time of the emitter qubit
The orange squares in Fig. 3(a) show the effective error probability as a function of the tree size when the
emitter qubit has a limited coherence time. In this scenario, some photons may experience a phase error during the
generation process, which will lead to an uncorrectable error in the tree-encoded logic qubit. We define the effective
error probability as εeff = 1− (1− εloss)(1− εcoh), where εloss is the effective loss probability of the logic qubit, and
εcoh is the decoherence probability of the emitter qubit during the tree generation process. The expression of εloss is
given by Eq. (S1). The expression of εcoh is given by εcoh = 1− e−tmin/tcoh , where tmin is the minimum time during
3which the emitter needs to stay coherent, and tcoh is the coherence time of the emitter. Note that tmin is smaller than
the total time of the generation process. This is because the emitter is disentangled with all the photons following
each E gate. Therefore, a dephasing event occurring during the time interval between an E gate and a subsequent E
or CZ gate will not affect the coherence of the generated photons. We can calculate tmin as tmin =
∑d
l=0 tl, where
tl is the total time the emitter needs to stay coherent during the generation of all the photons in level-l of the tree,
given by
tl =
{
[(bl − 1)∆tl+1 + 2tph]nl, 0 ≤ l ≤ d− 1,
tphnl, l = d,
(S3)
where nl is the number of photons in level-l, and ∆tl is the time interval between two neighboring level-l photons,
given by
∆tl = bl∆tl+1 for 1 ≤ l ≤ d− 2, (S4)
and ∆td−1 = (bd−1 + 1)tph, ∆td = tph.
C. Calculation of the optimal effective error probability
In Fig. 3(b) of the main text, we calculate the optimal effective error probability εeff as we vary both the single-
photon loss probability ε and the coherence time of the emitter qubit tcoh. We normalize the coherence time in terms
of the inverse of the bandwidth of the CZ gate, γR. In this calculation, we assume γB/γR = 0.0014 and γBtph = 6.2,
where γB is the bandwidth of the photon emitted by the E gate, and tph is the time allocated to a single photonic
qubit. The first assumption γB/γR = 0.0014 ensures that each incident photon is quasi-monochromatic to the CZ
gate, such that the infidelity of the CZ gate satisfies εCZ < 10
−5, two orders of magnitude smaller than the targeted
value of εeff (10
−3). The second assumption γBtph = 6.2 ensures that the overlap of the photonic wavepackets between
the earlier and later time bins satiesfies εol < 10
−5, again two orders of magnitude smaller than the targeted value of
εeff. We now verify these assumptions with explicit calculations.
We first calculate the infidelity of the CZ gate when the incident photon has a finite bandwidth γB . We calculate
the gate infidelity when both the emitter qubit and the incident photon is in the superposition state, given by
|ψi〉 = 1
2
∫ ∞
−∞
f(t)(|0〉s |0〉p + |0〉s |1〉p + |1〉s |0〉p + |1〉s |1〉p)dt, (S5)
where f(t) is the temporal profile of the incident photon, satisfying
∫∞
−∞|f(t)|2dt = 1. The gate infidelity is given by
εCZ = 1− |〈ψfi|ψf 〉 |2, (S6)
where |ψfi〉 and |ψf 〉 are the states of the system following an ideal and actual CZ gate respectively, given by
|ψfi〉 = 1
2
∫ ∞
−∞
f(t)(|0〉s |0〉p + |0〉s |1〉p + |1〉s |0〉p − |1〉s |1〉p)dt, (S7)
|ψf 〉 = 1
2
∫ ∞
−∞
[g00(t) |0〉s |0〉p + g01(t) |0〉s |1〉p + g10(t) |1〉s |0〉p + g11(t) |1〉s |1〉p]dt. (S8)
Here, gij(t) is the temporal profile of the transmitted photonic wavepacket when the initial states of the emitter and
the photon are |i〉s and |j〉p respectively (i, j ∈ {0, 1}). Substituting the expressions of |ψfi〉 and |ψf 〉 into Eq. (S6),
we obtain that
εCZ = 1−
∣∣∣∣14
∫ ∞
−∞
f∗(t)[g00(t) + g01(t) + g10(t)− g11(t)]dt
∣∣∣∣2 . (S9)
To calculate εCZ, we assume that the incident photonic wavepacket has a Gaussian temporal profile, given by
f(t) =
1√
2pi
√
1
γB
√
pi
∫ ∞
−∞
e
− ω2
2γ2
B eiωtdω. (S10)
4As suggested in Ref. [S2], the Gaussian pulse shape is more robust against distortion following the emitter-photon
CZ gate when compared with an exponential pulse. Experimentally, we can generate the Gaussian pulsed emission
by employing a Raman emission process with the help of the ancillary level |g2〉. Such Raman emission processes
have been experimentally demonstrated using trapped Rb atoms [S3, S4], semiconductor quantum dots [S5], and
silicon-vacancy color centers in diamond [S6].
We also assume that the CZ gate operates perfectly in the basis {|0〉s |0〉p , |0〉s |1〉p , |1〉s |0〉p}, such that g00(t) =
g01(t) = g10(t) = f(t). This assumption is valid since the emitter and the photon are decoupled in these bases. To
calculate g11(t), we use the fact that the atom-waveguide system is linear with single-photon input. Thus g11(t) is
given by
g11(t) =
√
1
2piγB
√
pi
∫ ∞
−∞
t(ω)e
− ω2
2γ2
B eiωtdω, (S11)
where t(ω) can be calculated based on input-output relation [S7], given by
t(ω) =
aout
ain
=
ω − iγR2
ω + iγR2
. (S12)
Substituting Eq. (S10)-(S12) into Eq. (S9), we obtain that
εCZ = 2(γB/γR)
2 +O [(γB/γR)4] . (S13)
When γB/γR = 0.0014, we obtain that εCZ = 4× 10−6.
We next calculate the overlap between photonic wavepackets in the earlier and later time bins, given by
εol =
∫ ∞
tph/2
|f(t)|2dt. (S14)
Assuming a Gaussian temporal profile of photonic wavepacket given by Eq. (S10), we obtain that
εol =
1− erf
(
γBtph
2
)
2
,
(S15)
where erf(x) is the Gaussian error function. For γBtph = 6.2, we obtain that εol = 6× 10−6.
S3. GENERALIZATION OF THE PROPOSED SCHEME
Our protocol can be broadly applicable to the generation of a variety of photonic cluster states with tree-type
entanglement structures. One example is the repeater graph state, which is a useful multi-photon entangled state
in the implementation of an all-optical quantum repeater [S8]. Figure S2(a) illustrates the schematic sequence to
generate a repeater graph state with 6 core photons (N = 6). The repeater graph state can be constructed from a
3-layer tree with branching parameters b0 = N and b1 = 1, with the root qubit being the emitter. We then apply a
local complementation operation on the emitter, which only includes single-qubit gates on the emitter
(
e
ipi2
Y+Z√
2
)
and
all the N core photons
(
e
ipi2
X+Y√
2
)
[S9]. After this step, the N core photons will be completed connected. We finally
apply a σz measurement on the emitter to detach it from the graph. The mathematical description of the generation
process is as follows:
|ψ〉RGS = MS
(
e
ipi2
Y+Z√
2
)
S
[
N∏
k=1
(
ei
pi
4 Y
)
S
(
e
ipi2
X+Y√
2
)
N+k
ES,N+kCZS,k
] N∏
j=1
(
ei
pi
4 Y
)
S
ES,j
 |+〉s , (S16)
where MS represents the σz measurement on the emitter.
Our protocol can also be generalized to generate the tree-encoded repeater graph states. These states combine
the tree-entanglement with the repeater graph state, which are more resilient to both the loss and the decoherence
errors [S10]. The right panel of Fig. S2(b) shows an example of a tree-encoded repeater graph state. The state
consists of 6 core photons and 6 arms (N = 6), each arm (represented by the green circles) is replaced by a tree
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FIG. S2. Schematic sequence to generate a repeater graph state (a) and a tree-encoded repeater graph state (b) with 6 core
photons (N = 6) by adding downstream processing on a proper tree state.
with branching parameters {2, 3}. To generate this state requires a nearly identical process with the repeater graph
state, except that we need to start with a more complex tree state [shown in the left panel of Fig. S2(b)] before the
local complementation operation. In all cases, we rely on only single-photon emission and scattering from a single
quantum emitter to generate the whole entangled cluster state, which is both fast and resource-efficient compared
with all previous protocols. This capability demonstrates the versatility of our protocol in the generation of a large
range of photonic cluster states that possess tree-type entanglement.
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